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ABSTRACT 
HEAT-TRANSFER ANALYSIS OF A LAMPHOUSE 
FROM A TYPICAL COLOR PHOTOGRAPHIC PRINTER 
High-speed operatorless photographic printers 
require high illumination levels at the negative print 
gate from lamps with stable color temperatures. The lamps 
used in these applications give off a l arge amount of heat 
radiation that is harmful to photographic emulsions as 
well as printer components and must be removed. This 
report describes how a typical photographic printer lamp-
house separates the visible energy from the infraredt 
delivers the visible energy to the negative to be printed, 
and removes the infrared energy from the housing. This 
report also develops a set of empirically derived equa-
tions, which analytically describe the cooling mechanisms. 
These equations are intended to be useful design tools in 
future printer lamphouse development. 
ACKNOWLEDGEMENT 
I would like to express my gratitude to Dr. B. E. 
Eno for his guidance and assistance in the preparation of 
this report and for acting as my committee chairman. I 
also wish to thank Dr. P. J. Bishop, and Dr. K. K. Chang 
for their guidance and advice, and for consenting to serve 
as committee members. 
I would also like to thank Mr. T. G. Ferguson, Mr. 
J.C. Boutet and· Ms. R .. H. Donoghue of the Eastman Kodak 
Company for the special support they provided throughout 
this activity. 
Finally, I am especially grateful to my wife, 
Kathy, for providing me with unending encouragement and 
assistance in my academic pursuits. 
iii 
TABLE OF CONTENTS 
Chapter 
I. INTRODUCTION 
Objective 
Background 
Method of Approach 
Component Description 
II. ANALYSIS 
Basic assumptions 
Lamphouse power balance 
Lamphouse internal cooling 
III. EXPERIMENT 
Test Set Up 
Data Collection 
IV. DESIGN 
Power Balance Check 
Cooling Equations 
V. CONCLUSIONS AND RECOMMENDATIONS 
REFERENCES 
iv 
Page 
1 
1 
1 
2 
3 
17 
17 
18 
25 
36 
36 
40 
55 
55 
59 
67 
70 
Table 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
LIST OF TABLES 
Ambient Test Run 
Thermocouple Locations 
Temperature Test Results 
Internal Air Velocity Measurements 
External Air Velocity Measurements 
Electrical Input Power Measurements 
Transmittance Densi t y Measu rements 
Power Balance 
v 
Page 
40 
41 
42 
45 
46 
47 
52 
56 
LIST OF ILLUSTRATI ONS 
Figure Page 
1. Photographic Printer 4 
2. Printer Schematic 7 
3. Lamphouse Assembly 10 
4. Underside of Larnphouse 12 
5. Lamphouse Schematic 13 
6. Internal View of Lamphouse 15 
7. Lamphouse Power Balance 19 
8. Print Lamp Power Balance 28 
9. Basic Ellipsoid 29 
10. Print Lamp Ellipsoid with Co l d Mirror 30 
11. Print Lamp Ellipsoid with Vertex Opening 31 
12. Print Lamp Ellipsoid Infrared Radiat ion Flux 32 
13. Print Lamp Ellipsoid Visible Rad i a tion Flux 33 
14. Test Cart 36 
15. Power/Control Panel 37 
16. Power/Control Panel Wiring Diag ram 39 
17. Sample Locations 44 
18. Radiation Output at Print Diffus e r 49 
1 9. Radiation Output at Scan Diffus er 51 
20. Integrating Bar Geometry 54 
vi 
SYMBOL 
A 
c 
b 
Cp 
Gr 
h CV 
k 
m 
a 
Nµ 
Pr 
LIST OF SYMBOLS 
QUANTITY 
Cylinder Area 
Housing Surface Area 
Area of Horizontal Surfaces 
Area of Vertical Surf aces 
Diffuser Width 
Specific Heat 
Integrating Bar Collection Efficiency 
Grastoff Number 
Convection Heat Transfer Coefficient for Hori-
zontal Surfaces 
Convection Heat Transfer Coefficient for Ver -
tical Surf aces 
Thermal Conductivity 
Thermal Conductivity of Air 
Diffuser Length 
Length of Horizontal Surface Side 
Height of Vertical Surface 
Air Mass Flow Rate 
Nusselt Number 
Print Lamp Power 
Prandtl Nl~mber 
vii 
SYMBOL 
PSL 
PRTA 
PRTCM 
PRTPD 
PRTSD 
QT 
Re 
TD 
Tr 
THS 
TIN 
TST 
TDCA 
TOUT 
TrD 
TrGF 
TrIB 
Tr SD 
VAVE 
f. 
LIST OF SYMBOLS ( continued ) 
QUANTITY 
Scan Lamp Power 
Radiation Through Aperture 
Radiation Through Cold Mirror 
Radiation Through Print Diffuser 
Radiation Through Scan Diffuser 
Total Cooling Air Flow Rate 
Reynolds Number 
Diffuser Surface Temperature 
Transmittance 
Housing Surf ace Temperature 
Input Air Temperature 
Surrounding Temperature 
Diffuser Cooling Air Temperature 
Output Air Temperature 
Print Diffuser Transmittance 
Glass Filter Transmittance 
Integrating Bar Transm-i ttance 
Scan Diffuser Transmittance 
Average Velocity 
Emissivity 
viii 
SYMBOL 
µ 
\) 
p 
a 
LIST OF SYMBOLS ( continued ) 
QUANTITY 
Absolute Viscosity 
Kinematic Viscosity 
Density 
Stefan-Boltzmann Constant 
ix 
CHAPTER I 
INTRODUCTION 
Objective 
The objective of this report is to completely de-
scribe and analytically model the cooling of a lamphouse 
assembly from a typical photographic printer. This 
activity will examine the heat sources within the lamp-
house, show how useful visible energy is separated from 
the unwanted infrared and how the infrared is removed. 
This heat transfer process will be modeled mathematically 
through power balances on the lamphouse and internal com-
ponents. From this analysis a set of equations describing 
the cooling mechanism will be developed. These equations 
are intended to be a strong design tool that can be used 
at the onset of a new lamphouse design to predict the 
required thermal cooling. 
fulfill a void in current 
rates are determined by 
methods. 
These equations are intended to 
design practices where cooling 
inefficient trial and error 
Background 
High-speed operatorless color negative photographic 
printers currently in use in the photofinishing trade as 
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described by Orr (1 979 ) and Goodw i n (1979) are computer -
controlled 
prints per 
levels of 
lamps with 
and are capable o f product ion rates of 6000 
hour. This producti o n r ate requires high 
illumination at the nega t ive print gate from 
stable color temperatures. The lamps used in 
these applications give off radiation ove r a b r oad -
wavelength spectrum and, unfortunately , only 10% of the 
total output is in the visible range . The rema i n ing 90% 
is primarily in the infrared range and i s real ized as 
heat. This heat energy i s harmful to photographic emul -
sions as well as printer components and mus t be removed. 
The photographic printer must separate the visible energy 
from the infrared, deliver the visible ene r g y to the nega -
tive to be printed, and remove the i nfrare d from the 
housing. 
Method of Approach 
A complete description of the photographic printer 
and lamphouse as well as a thorough des cription of their 
operation will be supplied in the l as t part of Chapter I. 
Chapter 11 will contain the ana l ysis t h at analy~ically de-
scribes the cooling process. Th is analysis will outline 
the basic assumptions made as we ll as the power balance 
equations on the 
ents. The power 
lamphouse 
bal ances 
assemb ly and internal compon-
wi ll o u tline the applicable 
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conduction, convection and radiation h eat transfer equa-
tions and the required physical measu remen t s n e cessary to 
complete the analysis. Chapter II I desc ribes the experi -
ment conducted to gather the data req u i red fo r the analy -
sis. This chapter outlines the test equ i pme n t designed 
and built to collect the data as wel l as the measuring 
equipment used to record temperatures, ai r v eloc i t ies and 
flow rates, electrical power inputs, a n d ou t put rad iation 
measurements as well as other necessary parameter s . The 
results of these measurements, which are presented in 
tabular form, are also presented in this chapter. Chapter 
IV combines the analysis with the d a ta ga t hered in the 
experiment and develops_ the cooling equations. The design 
of these equations results in the deve l opment of a tech-
nique that is to be a tool in new lamphouse d es ign. The 
last part of this chapter presents these cool i ng equations 
in a step by step fashion which demonstra tes how they 
would be applied to a new design . Chap ter V contains 
conclusions and recommendations that d es cribe the value of 
the cooling equations and how t hey c an b e best utilized as 
well as sug~estions for future work. 
Component Descrip tion 
Description of Photographic Printer 
The typical printer used fo r this investigation is 
shown in Figure 1 . The u n it i s a digital minicomputer-
4 
controlled, operatorl ess color negativ e pr i n ter. Equipped 
with the proper accessories, the pr i n ter will accommodate 
110- and 126-size spliced co l o r nega tive s and color paper 
3 or 3% inches wide by 1150 feet long o r 4 inches wide by 
775 feet long. 
~ Film Feed 
Paper 
Feed' 
Fig. 1 . 
\ Lamphouse 
Photographic printer 
Film 
Take-Up 
The color printer contain s p a p er drives and paper 
supp l y and take-up magazines a s wel l as film (negative) 
drives and film s u pply and take- u p maga z ines . In addition 
to these drives, the printer contains : a film deck that 
guides and positions the negat ive s for scanning and print-
ing; a filter mechanism pl a t e that contains lenses, 
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filters, and shutter assemblies; a scanner; power supplies 
and related control panels, and a lamphouse assembly that 
provides illumination for scanning and printing. The 
lamphouse is the center of this investigation. 
Figure 2 schematically describes the relationship 
between the lamphouse film deck and the printer base. The 
lamphouse rests on top of the printer base with the film 
deck positioned between. 
printed, are fed through 
illuminates the negatives 
The negatives, which are to be 
the film deck. The lamphouse 
first at the scan aperture and 
next at the print aperture where the actual paper exposure 
takes place. The printer base shown schematically in the 
bottom of Figure 2 conveys the illumination from the nega-
tive through a lens, filter and shutter assembly to the 
sensitized 
aperture. 
photographic paper located 
The following description 
in the paper print 
of the theory of 
operation will further describe the function of each com-
ponent. 
The printer is a white-light subtractive fixed-
intensity variable-time (3-color) printer designed for 
automatic printing of spliced rolls of color negatives. 
As negatives are advanced through the printer, each nega-
tive is evaluated, using the scanning method, and certain 
data are recorded and compared with calibration informa-
tion stored in the computer. '".../hen this negative arrives 
at the print aperture, this exposure information controls 
6 
the cyan, magenta, and yellow cut-off filters and the dark 
shutter to properly expose that negative. A code is 
printed in the border of each print to indicate subject 
classification. This classification perm.its the reprint-
ing of any negative that requires correction on this 
printer. 
Scan 
Lamp 
Heat Absorbing 
Glass Filter 
Diffuser 
Scan Aperture 
Data 
Collector 
Computer 
Tele-
Typewri ter 
Film Deck 
Cold Mirror 
Print 
Lamp 
i Int egrator 
Fil t er 
Di ffu s er 
7 
Print Aperture 
l I I 
I @Lens 
Filter and Shutter 
1 Assembly 
Ll ------r-u~ 
-o-------
0 
Paper Print 
Aperture 
Fig. 2 . Printer schematic 
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Measurements are made by the scanner as follows: 
1. Red, green, and blue large-area transmission den-
sities (LATD) are measured. 
2. White-light transmission of the upper half and 
lower half of the negative. 
3. At the same time these measurements are made, 
reference light intensity measurements are made of 
the scan source (in color) and of the printing 
light source (white light). 
4. These measurements are compared with stored values 
within the computer of these same measurements 
previously made on a calibration negative. Dif-
ferences in density from the calibration are used 
for exposure calculation. 
A fixed-intensity variable-time printing scheme is 
used. The cyan, magenta, and yellow cut-off filters are 
driven into position by rotary solenoids. The exposure 
calculations are based on a computer program that can be 
changed to alter the chromatic and neutral correction 
level of the printer without hardware changes. 
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The printer compensates for t h e f i lter deficiencies 
when it calculates exposure times. Theoretically, any 
color-correction level desired i s ach i evable. In addi-
tion, it measures negatives relat ive t o a population 
center negative. Negatives that show co l or s u bject fail-
ure receive low color correction, wh ereas negatives show -
ing illuminant failure receive h i gh correction. A 
thorough description of exposure determina tion ana lysis is 
available in Goll (1979). 
A teletypewriter (TTY) is used in conjun c t ion with 
the computer to input information to the computer and to 
type out information from the computer suc h as alarms and 
operator-requested computer program da t a. A paper tape 
punch and tape reader attached to t he tele t ypewriter 
provide a means of preserving and rep l acing in the com-
puter program the changeable prin ting parameters via a 
punched set-up tape. The te l etypewri ter tape reader is 
also used for entering the compute r p ro g r am. 
Provision is made in the manu al mode to type out 
exposure times . The times printe d out do not include the 
compensation described for filter d eficiencies . In making 
calculations or approximations f rom these times, it can be 
assumed that there are no fi l ter d e f i ciencies, which makes 
the calculations simpler. The use of the printer times 
for printer control purposes i s not required on this 
printer, since it is possib l e to make changes directly 
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without reference to the printing times themselves. It is 
possible to ignore the times (except for considerations of 
overall printer productivity) and merely make changes to 
the color balance as dictated by the control procedures. 
Description of the Lamphouse 
The lamphouse assembly shown in Figure 3 is the 
illumination source for the scanning and pri nting activ-
ity. The lamphouse is hinged to the main printer and is 
located over the film deck unit. During the film-loading 
operations, the housing rotates up out of the way, expos-
ing the scan and print-lamp diffusers. 
Film Feed 
Fig. 3. 
\ Lamphous·e 
\ 
Film 
\Take-UP 
Lamphouse assembly 
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The underside of the lamphouse is shown in Figure 4 
in its tipped-back position. Visible here are. the scan 
and print lamp diffusers, the cooling air input to the 
lamphouse, a deflector that directs cooling air over the 
diffuser, and the negative in the print gate. When the 
lamphouse is down in the operational mode, the cooling air 
input and deflector mate with supply air manifolds located 
behind the film deck unit in the main printer housing. 
Also visible here is the film deck. The negatives are fed 
from the film supply on the left over the scan aperture, 
the print aperture and then to the take up on the right. 
Air 
Inlets 
Print Diffuser~. 
Scan Diffuser , \ 
Film Deck 
Scan Aperture 
Print 
Aperture 
Fig. 4. Underside of lamphouse 
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A sch ematic diagram o f the internal arrangement of 
lamphouse components is shown in Figure 5. As outlined 
before, the assembly c ontai ns t wo light sources: the scan 
lamp located on the left, and the print lamp centrally lo-
I 
II 
I 
I 
Cooling 
Air 
Lamphouse Housing 
Heat Deflector 
Inf rare_d 
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1 f i Cold Mirror 
Cooling 
Air 
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1 1 
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~ '\AAI 
I 
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cated at the focus of a partial ellipsoid. The output of 
the halogen cycle scan lamp passes through a heat-
absorbent glass filter before passing on to the scan dif-
fuser. The print lamp, also a halogen cycle lamp, is 
located at the foc~s of a partial ellipsoid. The ellip-
soid is fabricated from polished aluminum and has a clear 
Alzak 
A flat 
anodized coating that provides an 85% reflectance. 
cold 
ellipsoid to 
mirror 
bring 
is placed over the open 
the visible radiation 
end of the 
to a focus 
through a hole at the vertex of the ellipsoid. The cold 
mirror, while reflecting visible radiation, passes most 
infrared radiation, thus separating the two. This allows 
a large amount of the heat to be focused into a collecting 
chamber that is cooled by forced-air circulation. The 
radiation leaving the open end of the ellipsoid passes 
into an integrating bar that mixes the light and delivers 
it to the print diffuser. Also located in the lamphouse 
are two solenoid-operated shutters, one for each lamp. 
Figure 6 also shows the internal arrangement of the 
lamphouse . The cold mirror is very visibly located cen-
tr ally over the print lamp ellipsoid. The scan lamp is 
shown located to left center with the two shutter solen-
oids located under each lamp. Also visible is the inte-
grating bar located below the print lamp ellipsoid. 
Scan 
Lamp 
Scan 
Shutter 
, 
.. ---- .. .__ 
Film 
15 
Mirror 
~~~~-:----------._;___jL Print 
Lamp 
Integrating 
Bar 
Ellip-
soid 
Print Shutter 
Fig . 6. Internal view of lamphouse 
The input electrical power supplied to the lamp-
house goes to the two lamps and to the two shutter solen-
oids. The total power consumed is 451 watts, with most 
being used by the lamps. Cooling of the lamphouse is 
primarily accomplished by the cooling air supplied to the 
housing. The air that is d ucted inside is supplied to a 
chimney that delivers a portion to the scan lamp and the 
remainder to the cooling chamber over the cold mirror. 
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The heated air leaves the lamphouse through t.h e v e nts . in 
back of the housing. The other supply of coo ling air that 
is directed over the print and s c an diffusers r emoves 
little heat from the lamphouse and i s pri marily used to 
cool the negative . The lamphouse housing is of t ypical 
sheet-metal construction of 0.050-inch stock. 
CHAPTER II 
ANALYSIS 
Basic Assumptions 
The lamphouse assembly loses therm.al energy through 
convection and radiation from external surf aces,, and 
through the temperature increase 
supplied internally to the lamps 
of forced cooling air 
and externally to the 
print diffuser. Radiation energy losses, primarily in the 
visible range but with some infrared, occur at the print 
and scan diffusers. The input energy is electrical power 
supplied to the print lamp, scan lamp and to the two 
shutter solenoids. 
The internal heat generating components, namely, 
the lamps and the solenoids, give up thermal energy t.o the 
housing and to the forced cooling air. The lamps also 
supply visible and infrared radiation to the scan and 
print diffuser. 
The first step of the analysis is to do a power 
balance on the lamphouse. This results in a relationship 
that equates the input electrical power to the sum of the 
output thermal and visible radiation losses- The appli-
cable heat transfer equations that describe the individual 
fluxes are next identified. The internal heat generating 
18 
components are then considered and a power balance done on 
the print lamp as this supplies the largest thermal input 
The function of the cold mirror in the separation of the 
infrared and visible radiation is also investigated. 
The lamphouse power balance provides an under-
standing of the total power flux and the print lamp power 
balance supplies information as to the importance of each 
of the cooling mechanisms. The analysis also identifies 
the physical information needed from the experiment. 
Lamphouse Power Balance 
The lamphouse power balance is schematically shown 
in Figure 7 and is described by Equation (1). Each t .erm 
of the equation is considered separately and the appli-
cable heat transfer equations introduced. 
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Pout (Housing Convection) 
~ POUTiS(Housing Radiation) 
~PIN 
Pout~ 
(Internal 
Cooling 
Air) Lamphouse (Electric Power) 
Pout 
(Di.;f fuser 
Coolin~ Air)"~ 
'---J I I 
p Out J1, p Out (Scan Lamp n V 
·. Radiation9 (Print Lamp Radiation) 
Fig. 7. Lamphouse power balance 
PIN (Electric Power) = 
POUT (Internal Cooling Air) 
+ POUT (Diffuser Cooling Air) 
+ POUT (Print Lamp Radiation Through Diffuser) 
+ POUT (Scan Lamp Radiation Through Diffuser) 
+ POUT (Housing Surf ace Radiation) 
+ POUT (Housing Surf ace Convection) (1) 
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PIN (Electric Power) 
This value is the sum of the electrical power con 
sumed by the lamphouse components. On an existing lamp-
house it could be measured or on a new design it would be 
the sum of the power rat~ngs of the individual lamps and 
solenoids. 
POUT (Internal Cooling Air) 
This is the heat energy absorbed by the forced 
cooling air supplied to the lamphouse. This is described 
by equation (2) (Jennings 1970). 
POUT (Internal Cooling Air) = m Cp (TOUT-TIN) 
a 
(2) 
POUT (Diffuser Cooling Air) 
The print diffuser is cooled by a stream of air 
directed over the external surface. In addition this air-
stream cools the negative positioned in the print aperture 
directly below the diffuser. Equation ( 3) ( Krei th 1969) 
describes the forced convection hea~ loss from the dif-
fuser. 
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POUT (Diffuser Cooling Air) = 
1/2 1/3 0.664 K Rel Pr b(TD-TDCA) 
(3) 
POUT (Print Lamp Radiation Through Diffuser ) 
The print lamp is a halogen-cycle lamp of 3100 K 
color temperature with an ANSI code of FAL. The lamp is 
mounted at the focus in a partial ellipsoid as shown in 
Figure 5 in Chapter I. Covering the large end of the 
ellipsoid is a cold mirror that passes most infrared and 
reflects visible radiation. The other end of the ellip-
soid has a small opening that a llows the focus ,ed ·visible 
energy to enter into an integrating bar that co?veys the 
energy to the diffuser. The integrating bar mixes this 
specular white light radiation and supplies it to the 
diffuser at an even il·lumination rate across the diffuser. 
The diffuser turns the specular light into diffuse light 
and supplies it to the negative. This radiation can be 
measured using a spectral-scanning radiometer as is done 
in the next chapter or it can be estimated analytically by 
calculating the radiation output of the print lamp at che 
ellipsoid aperture and then reducing that level by the 
inefficiency of the integrating bar and by the radiation 
blocking density of the diffuser. This analytical ap-
proach will be demonstrated later in this chapter. 
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POUT (Scan Lamp Radiation through Diffuser) 
The scan lamp is also a halogen-cycle type mounted 
in a 2-inch diameter reflector. It has an ANSI code of 
EJN and has an approximate color temperature of 3000 K. 
As shown by Figure 5 in Chapter I, the lamp radiation 
passes through a heat-absorbing glass and then through a 
2-inch square diffuser. The purpose of the diffuser is to 
make the specular output of the lamp diffuse. The diffuse 
output li~ht, which is constant across the diffuser, is 
more desirable for scanning and printing. 
This radiation output can be measured with a 
spectral-scanning radiometer as is done in the next chap-
ter or it can be estimated knowing the absorption effi-
ciency of the heat absorbing glass and the radiation 
blocking density of the diffuser. As will be seen the 
radiation energy losses, both visible and infrared, 
through the two diffusers are small compared to other 
components of equation (1). 
POUT (Housing Surface Radiation ) 
The power loss from the lamphouse in t .he form of 
heat radiation can be determined using equation (4) 
(Siegel 1972). 
POUT (Housing Surface Radiation ) (4) 
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POUT (Housing Surface Convection) 
Convection heat-transfer losses from the housing 
occur from the horizontal top surface and from the four 
vertical side surfaces. Since the heat transfer process 
is free convection, the heat transfer co,efficient. of the 
vertical surfaces is different from that of the horizontal 
surfac 1e. The respective heat transfer coefficients are 
first determined for the different orientations and then 
used in Equation (5) (Kreith 1969) to determine the heat 
transfer. 
POUT (Housing Surface Convection) = 
(5) 
Equation (6) (Kreith 1969) gives the relationship 
for the vertical surface convection heat transfer coef-
ficient. 
h = CV ( 6) 
Equation (7) (Kreith 1969) gives the relationship 
for the horizontal surface convection heat transfer coef-
ficient. 
where = 
24 
( 7) 
length of the side on the horizontal 
surface. If the surface is not 
square calculate the area and deter-
mine the corresponding side length 
for a square surface. 
Equation (6) takes a somewhat different form for a 
turbulent flow condition over vertical surfaces. The lam-
inar flow form has been presented as it is applicable to 
the lamphouse under study. The turbulent flow equation 
can be found in Kreith (1969). Equation (7) is for tur-
bulent flow from a horizontal surface. The equation that 
describes the convection heat transfer coefficient for a 
horizontal surface with laminar flow can be found in 
Kreith (1969). 
Each component of the lamphouse power balance equa-
tion (1) has been studied and the applicable equations 
identified. The summation of the power-out components 
should equate to the input power if the analysis is cor-
rect. This is the case as will be shown in Chapter 4. 
The radiation output from the scan and print lamps through 
the respective diffusers require a more complete descrip-
tion before they can be determined analytically. This 
more thorough description as well as a discussion on the 
cooling of the print lamp is next completed. 
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Lamphouse Internal Cooling 
The heat-generating internal components give up 
heat to the lamphouse housing and to the forced cooling 
air. The two shutter solenoids, which are the source of 
less than 2% of the total heat, are cooled by conduction 
heat losses through mounting hardware as well as by sur-
face convection and radiation heat transfer to the lamp-
house housing. 
The scan lamp unlike the solenoids does not lose 
all of its power internally to the lamphouse. A portion, 
primarily visible radiation, passes out through the scan 
diffuser. As mentioned before this radiation must also 
pass through a heat absorbent glass filter. Both the 
diffuser and the filter attenuate the radiation. The 
glass stops most of the thermal radiation and the diffuser 
stops a large amount of the visible radiation. It should 
also be noted that only 10% of the radiation output from 
this lamp is in the visible range. (Only 10% of the out-
put radiation from a 3000 K light source is in the visible 
range). The output at the scan diffuser can be estimated 
using equation (8) 
POUT (Scan Lamp Radiation ) 
Through Diffuser (8) 
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The scan lamp is partially cooled by direct im -
pingement of air on the lamp base. The remaining heat is 
given off to the internal housing through conduction, 
convection and radiation processes. 
The halogen cycle print lamp has a 3100 K color 
temperature and gives off radiation over a broad wave-
length :spectrum. Unfortunately, as in the output of the 
scan lamp, only 10% lies in the visible range. This 10% 
is further attenuated by the collection efficiency of the 
ellipsoid reflector and the integrating bar as well as the 
light-blocking density of the diffuser. The 90% remaining 
power is primarily infrared radiation that is realized as 
heat and must be exhausted from t:he housing. The print 
lamp is mounted inside a partial ellipsoid with a cold 
mirror over one end and an opening at the other end. The 
cold mirror allows the passage of infrared radiation while 
reflecting the visible radiation through the opening at 
the other end of the ellipsoid. This opening leads to the 
integrating bar and the print diffuser (see Figure 5 in 
Chapter I). 
The output at the print diffuser can be estimated 
using equation (9) 
POUT (Print Lamp Radiation) 
Through Diffuser ( 9 ) 
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The collection efficiency of the integrating bar 
relates to the portion of the 
ellipsoid aperture that falls 
This value is calculated from 
output radiation from the 
into the integrating bar. 
the geometry of the lamp-
house and is determined in the next chapter. The trans-
mi ttance of the integrating bar and of the diffuser is 
also determined in the next chapter. 
The radiation out through the aperture is more in-
volved and will be determined here. Also of importance is 
the amount of infrared that passes through the cold mirror. 
This thermal energy is focused by the ellipsoid onto a 
heat deflector two inches above the cold mirror (see 
Figure 5 in Chapter I). 
the cold mirror and on 
A coo ling air stream impinges on 
the heat deflector, absorbs this 
thermal energy, and carries it from the housing. Identi-
fication of the quantity of infrared radiation that passes 
through the cold mirror will establish the cooling re-
quired in this area. 
A power balance of the print lamp is schematically 
shown in Figure 8 . The energy losses through conduction, 
convection and radiation from the ellipsoid surface to the 
internal surfaces of the lamphouse will not be considered 
as most of the energy flux is through the cold mirror and 
the ellipsoid aperture. 
Pout (Radiation through cold mirror) 
·0 lJ 
Print Lamp 
Pin (Electric ¢ Power) 
Pout 
(Ellipsoid 
Conduction 
& Convection) 
Fig. 8. 
~Pout 
(Ellipsoid Radiation) 
0 Pout (Radiation through Aperture) 
Print lamp power balance 
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Figure 9 shows the basic ellipsoid shape from which 
the print lamp reflector is constructed. 
inches. 
Minor Axi s 
Focus 2 
Fig. 9. Basic ellipsoid 
Major 
Axis 
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The major axis is 9 inches and the minor ax i s 5 . 996 
The foci are 3.356 inches from the mi n or axis and 
the vertices are 1.144 inches from the closes t focus. A 
lamp source located at focus 1 wi l l r ef lect all its rays 
off the inside surface of the el lipso i d through focus 2 . 
The print lamp is constructed using the left half of the 
ellipsoid with a filament at the focus a nd a cold mirror 
over the open end. Figure 1 0 s hows this arrangement. 
---..... 
.,---) -- -;-ite 
)'-.. + 6% IR 
~' 
"" "-, 
L 3.356" 
I 
Cold Mirror 
Passes 94 % Infrared 
Reflects 6% Infrared 
Reflects 100% White 
> 
/IE Focus 
/<R 
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Fig. 10. Print lamp ellipsoid with cold mirror 
The ellipsoid surface is polished aluminum with a 
clear "Alzak't anodized coating. This gives a surface with 
an 85% reflectance. The construction of the cold mirror 
is such that it reflects all visible radiation and passes 
94% of the infrared. 
The radiation leaves the filament and reflects from 
the ellipsoid wall to the mirror. Most of the infrared 
radiation passes through the mirror, while the visible 
radiation plus 6% of the infrared radiation reflects back 
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to the filament . The light energy is of no use back at 
the point it started; to move it out of the ellipsoid, a 
hole is cut at the vertex and the cold mirror shifted 
toward the vertex, as shown in Figure 11. 
, .906" 
2.939 11 
I J: 
/ 
/ IR Focus 
.668 
. 143" 
Fig. 11. Print lamp ellipsoid with vertex opening 
By shifting the cold mirror, 0.906 inch, the vis-
ible light focus is shifted twice the distance, or 1.812 
inches. The opening in the vertex i s 1.5 inches in dia-
meter. 
Now with this ellipsoid configuration and a fila-
ment at the focus, 10% of the available radiation escapes 
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the vertex opening directly, 18% impinges directly on the 
cold mirror, and the remaining 72% is reflected from the 
ellipsoid wall. To better understand the total radiation 
flux, the radiation is broken down into infrared and vis -
ible portions. First the infrared is considered. 
Figure 12. 
1% Refected 
10% Direct 
Out 
Vertex /. 18% 
------- ~o Mirra 
'- .....____. 
Mirror 
4% ~ ~ 72% to 
Reflected ~ \. Wall 
from '""' \~ 
17% Out 
(Mirror Passes 
94%) 
/ 
/ 57% Out 
\_ 61% To Mirror 
See 
Fig. 12. Print lamp ellipsoid infrared radiation flux 
The infrared radiation flux can be summarized such 
that 74% passes through the cold mirror, 14% passes out 
through the aperture and the remaining 12% is absorbed 
into the ellipsoid. 
33 
The visible radiation f lux is shown in Figure 13 . 
10 % Direct 
Out 
Vertex 
18 % 
Mi r ror 
-.../ 
~ 
61% · Reflected --.._ ~ 
From "---- \ 
Mirror \ -.._____ 
72 % 
to 
wall 61 % to Mi rro r 
Fig. 13. Print lamp ellipsoid visib l e radiation f lux 
The visible radiation flux can be certified suc h 
that as 71% passes out through the aper t ure a n d 2 9% is 
absorbed into the el l ipsoid. 
The total radiation passing through the ellipsoid 
aperture is 71% of the visible and 14% o f the i n frared. 
Remembering that the v i sib l e i s 10% of the tota l and the 
infrared is approximately 90% the radia t i on o ut through 
the aperture ( PRTA) can be wr i tten a s s hown in Equation 
(10). 
( 10 ) 
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Equation (9) can now be rewritten substituting in 
Equation (10) yielding an equation with the print lamp 
radiation out through the diffuser as a function of the 
print lamp power. 
is 
the 
The radiation passing out through 
74% of the total infrared radiation. 
90% value the total radiation out 
the cold mirror 
Again applying 
through the cold 
mirror (PRTCM) can be written as shown in Equation ( 11). 
(11) 
Equation (11) supplies a r~lationship between the 
print lamp power and the infrared radiation that passes 
through the cold mirror into the cooling heat deflector 
area. This energy must be absorbed by the cooling air and 
be removed from the housing. 
CHAPTER III 
EXPERIMENT 
Test Set Up 
To support the analysis a large amount of physical 
data must be collected from an operating lamphouse. This 
data should include: cooling air temperatures and flow 
rates, component and housing surface temperatures, elec-
trical power inputs, and radiation outputs at the dif-
fusers from the print and scan lamps. 
To accomplish this, a lamphouse assembly was 
mounted on a test cart and a power/control panel built and 
also mounted on the cart as shown in Figure 14. The lamp-
house is hinge-mounted to the top of the cart and the 
power/control panel is positioned below it. Visible also 
are the two cooling air hoses, one for internal cooling 
and one for external diffuser and negative cooling . Each 
hose connects to an individual blower mounted on the con-
trol panel. 
Larnphouse z 
Cooling 
.,.,,;--- Air 
7 Blowers 
Power/Control Panel 
Fig. 14. Test cart 
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Figure 15 shows a more detailed close-up of the 
power/ control panel. 
AC 
Voltage Controls~ 
Fig. 15. 
This unit supplies power to the 
Controls 
DC Power Supplies 
Control 
Relays 
Power/control panel 
scan lamp, to the print lamp, and to each of the shutter 
solenoids as well as the two blowers. The voltage level 
to each lamp is adjustable and has been set to predeter-
mined specifications of 17Vac for the scan lamp and 106Vac 
for the print lamp. The shutter solenoids are connected 
to adjustable de power supp lies that have been set at 
14Vdc. The blowers are connected to llSVac . Each lamp-
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house component is separately control led by a 24Vdc relay 
system that allows for individual or combined operation. 
The lamps are interlocked to the blowers through two air 
vane switches. One vane switch is mounted inside the 
lamphouse in the primary cooling duct that supplies air to 
the two lamps and the other is mounted in the deflector 
that directs air to the diffusers. The blowers must be 
operating and have activated these switches before the 
lamps will come on. Figure 16 shows the two-line wiring 
diagram for the power/control panel. 
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Neutral 
120 Vac(BL) Blower 1 
(SL) .---------0 Blower 2 
II~ Scan Lamp (17 Vac ) (Ground) 
(PL) 
Print Lamp (106 Vac) 
15 ...-------------------------------------------------... 
ac ----------------------------------------------------(PS) Print Shutter So lenoid 
(SS) 
Scan Shutter Solenoid 
24 ·-------------------------------------------------... 
... ------.vac t------------------------------------------------------------e Scan Lamp 
Switch 
Vane 
Swi tch 
___/ __ _ 
Print Lamp 
Switch· 
____/
Vane 
Switch 
--
·scan Shutter 
Switch 
Print Shutter 
Switch 
Blower 
Switch 
Scan La mp 
Re l ay (SL) 
Scan Shutter 
Relay (SS) 
Print Shutter 
Relay (PS) 
Blower Relay 
(BL) 
Fig. 16. Power/ control p ane l wi ring diagram 
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Data Collection 
With the lamphouse fully operable at specifications 
on the test cart the data was collected. 
Temperature Measurements 
A twelve-point Leeds and Northrup model W. temper -
ature recorder with type J thermocouples was used to mea-
sure temperatures. The output of the recorder was a strip 
chart calibrated from 0 F to 600 F. 
The temperature testing was preceded by an ambient 
calibration check to verify that all the thermocouples 
were tracking properly. For this test, the thermocouples 
were placed in the cooling air duct leading to the lamp-
house, and the temperatures were recorded for 35 minutes. 
Table 1 shows the results of the test. 
Thermocouple 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
TABLE 1 
Ambient Test Run 
Start Temp. 
(Time 0) 
76 F 
74 
74 
74 
74 
74 
76 
76 
74 
74 
75 
76 
End Temp. 
( Time 3 5 min) 
76 F 
77 
77 
77 
77 
77 
76 
76 
76 
76 
77 
76 
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The thermocouples were then surface-mounted to lamphouse 
components using metallic tape. The single points select-
ed were typical of the surface temperature of each com-
ponent. Table 2 contains a listing of the thermocouple 
locations. 
Thermocouple 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
ll 
12 
TABLE 2 
Thermocouple Locations 
Location 
In the cooling air supplied to the 
diffusers. 
In the exhaust air escaping from the 
vents in the back of the housing. 
Top of outside of housing ( representa-
tive of rest of housing). 
External surface of print-lamp 
ellipsoid. 
External surface of scan-lamp 
reflector. 
Outside surface of print diffuser. 
Outside surface of scan diffuser. 
Print-shutter solenoid housing. 
·Scan-shutter solenoid housing. 
Print-lamp mounting. 
Heat-deflector (2 inches above cold 
mirror on infrared focus centerline ) . 
External surface of cold mirror at 
centerline of infrared focus beam. 
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A temperature test was started and run for 50 minutes. 
The ambient room conditions were 76 F DB and 60 F WB. 
After 15 minutes, all temperature transiency was gone. 
Table 3 contains the results of the test. 
TABLE 3 
Temperature Test Results 
Thermocouple 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 I 
Start Temp. 
(Time 0) 
77 F 
77 
76 
77 
77 
77 
76 
79 
85 
78 
78 
79 
End Temp. 
(Time 55 min) 
78 F 
106 
99 
191 
261 
192 
119 
148 
154 
154 
181 
480 
Additional temperature measurements taken were as follows : 
1. Cooling air is supplied into a radiation chamber 
between the print lamp cold mirror and a heat 
shield 2 inches above it.. The heat energy is ab -
sorbed by this cooling air and removed from the 
housing . The air arrives at 7 8 F and leaves the 
chamber at 100 F. 
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2. Cooling air is also supplied to the scan-lamp hous-
ing. The air is supplied at 78 F and leaves at 88 
F. 
Air Flow Measurements 
Air flow measurements were taken at the input to 
the blowers owing to the difficulty· of making these mea-
surements anywhere else. During actual operation, the 
lamphouse becomes slightly pressurized and the flow 
decreases. A 3 7/8-inch diameter by 5 1/2-inch long cyl-
inder was placed over the inlet .of the blower and a Thermo 
Systems model 1650 direct-reading hot-wire type anemometer 
was used to record the point velocities. The unit was 
used in the 0 to 600 ft/min range and has an accuracy of 
±2% of full scale. The cross section of the cylinder was 
divided into one central area and four concentric annuli, 
each of equal area. By placing the hot-wire probe at the 
radius corresponding to the mean area of each concentric 
annulus, the average velocity for that area was found. 
Then the average velocity times the 
flow. The locations of these points 
radius R are 0.316R, 0.548R, 0.707R, 
total area gave the 
in a round duet of 
0.837R, and 0.949R. 
These readings were taken on either side of the center 
point in two planes, as shown in Figure 17. 
Plane A 
0. 949:!f 0. 837 
I o. 707 RT 
..l.. 0.548 R 
0.316 R-
+ 
I 
Fig. 17. Sample locations 
Plane 
B 
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These measurements were taken first on the blower that 
supplies air to the inside of the lamphouse and next on 
the blower that supplies cooling air externally to the 
diffusers. Table 4 shows the results of the internal air 
velocity measurements. 
'TABLE 4 
Internal Air Velocity deasurements (ft/min) 
Sa ple Poj_nt Plane A p ane B 
l 380 330 
2 480 460 
3 480 500 
4 480 510 
5 510 5 0 
6 560 540 
7 500 530 
8 500 460 
9 380 440 
10 350 380 
lhe average ve~ocity = 464 ft/min. 
The flow l.-ate can be determined by equation (12) ( ...... enn · ngs 
1970) . 
i here 
Flow Rate (Internal Air) = A,,,, .. VAVE 
A 
c 
= 0.081 ft 2 
464 ft/min 
: ... l.o .. v Rate - (Internal Air)= 38 ft 3 /min. 
The cooling air that is supplied internally to the J, mp-
h:;use is divided between the print lamp and the scar la p, 
with mo ..... t going to the print lamp. The amount carried 
rile s an lamp is arried through a 7/8-inch dianeter due 
Tl...o a1erage velocit-y of t:le a · 1 flov1 was reasu ed wi h e 
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hot-wire anemometer and found to be 1200 ft / min, whi c h 
equates to a flow rate of 5 3 ft / min. The remaining 3 3 
ft 3 /min cooling air is directed over the cold mirror. 
Table 5 contains the results of the external a ir 
velocity measurements to the diffusers. 
TABLE S 
External Air Velocity Measurements (ft/min) 
Sample Point Plane A Plane B 
1 220 180 
2 680 620 
3 620 700 
4 580 560 
5 540 520 
6 520 500 
7 560 500 
8 600 610 
9 620 660 
10 220 220 
The average velocity = 509 ft/min. 
The flow rate can be determined by equation ( 12 ) (Jennings 
197 0) . 
where 
Flow Rate (Internal Air) = 
A 
c 
= 
VAVE -
0.081 ft 2 
509 ft/min 
Flow Rate (Internal Air) = 41 ft 3/min. 
A 
c . VAVE (12) 
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The cooling air flowing over the surface of the print dif-
fuser was measured with the hot-wire anemomecer and found 
to have a velocity of 1200 ft/min. 
Electrical Power Measurements 
The voltage input to each of the lamphouse com-
ponents was preset to specifications and then measured. A 
triplet model 650 volt-OHM meter and an ammeter were used 
to make the measurements. Table 6 shows the results. 
TABLE 6 
Electrical Input Power Measurements 
Component Voltage Current Power 
Print Lamp 106 Vac 3.2 A 339 w 
Scan Lamp 16.9 Vac 6.1 A 103 w 
Print Shutter Solenoid 14.7 Vdc 0.3 A 4.4 w 
Scan Shutter Solenoid 14.7 Vdc 0.3 A 4.4 w 
The total input power = 451 watts. 
Output Radiation Measurement 
The internal two lamps provide output energy to the 
print diffuser and the scan diffuser. This radiant 
energy, which is primarily in the visible region of 400 nm 
to 900 run wavelength, is used for scanning and for prinr-
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ing. A Gamma Scientific C-3 .1 spectral/ s cann ing radio -
meter was used to measure this rad i ation. The instrument 
sampling probe was positioned at the cen ter of each dif-
fuser and irradiance measurements were r eco r ded for wave-
lengths 400 to 900 run. Figure 18 shows the radiation 
output at the print diffuser as a func tion o f wa velength. 
The vertical axis is irradiance with unit s o f microwatts/ 
(cm 2 run) and the horizontal axis i s wave len gth in nano-
meters. The integral area under the curv e , wh ich is equal 
to l.859xl0 5 microwatts/cm 2 is the output from the , p ower 
print lamp in the visible radiat i on range. Because the 
irradiance is constant over the total d iffus e r area, the 
total power out is equal to this irra d ian ce times the 
diffuser area. It should be noted that Figure 18 shows 
the presence of some radiation above 900 nm , wh ich is in 
the infrared range. This infrared radi a t i on n o t measured 
above 900 run can be approximated as fol lows: The output 
of a 3000 K lamp is near maximum at 900 nm and by 2100 run 
has given off 75% of its b l ackbody rad iation. If an 
irradiance of 
total inf rared 
2 100 µw / cm contin ues to 2100 nm t.hen the 
output would be 1 . 2x 10 5 µw/cm 2 . This is 
conservative as the irradiance would not be a constant 
2 100 µw/cm but woul d decay as t he o u tput of a blackbody in 
this range. This approximation is adequate since this 
energy flux is very smal l compared to other components in 
the lamphouse power ba l ance. The t otal irradiance is then 
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so 
the sum of the visible and infrared which is 3.059xl05 µw / 
2 
cm . Figure 19 shows the output of the scan diffuser. 
The integral area under the curve, which is equal to 
. / 2 microwatts cm , is the output power from the 
scan lamp in the visible radiation range. The curve 
decays almost to 0 at 900 nm, which indicates the presence 
of very little infrared radiation. 
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Transmittance Density Measurements 
In the path of the output rad±ation from the print 
lamp is a Plexiglas diffuser that has transmittance den-
sity and blocks a portion of the radiation. In the pa th 
of the output of the scan lamp is a heat-absorbing glass 
filter and a Plexiglas diffuser, both of which have 
transmittance density. These densities, which are 
described by Equation ( 13), were measured on a Mac be th 
densitometer and are recorded in Table 7. 
Density (13) 
TABLE 7 
Transmittance Density Measurements 
Component 
Print Diffuser 
Scan Diffuser 
Scan Glass Filter 
Density 
0.63 
0.37 
0.05 
Integrating Bar Transmittance 
Transmittance 
23% 
43% 
89% 
The purpose of the integrating bar located at the 
opening of the print lamp ellipsoid is t_o col lee t the 
· 1 d · · · · t and provi' de ;t i· n an even print amp ra ia ti on, mix i , ~ 
illumination plane to the print diffuser. The mixing is 
accomplished by multiple reflections from 
internal surfaces as the radiation passes 
integrating bar. Each reflection results 
absorption, yielding radiation losses. 
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the polished 
through the 
in unwanted 
To determine these losses, an integrating bar was 
located over an evenly illuminated light source. A model 
614 Weston footcandle-meter was used to measure the light-
source illumination and the illumination transmitted by 
the integrating bar. The light source measured 260 foot-
candles, and the output of the integrating bar measured 
120 footcandles. The output illumination divided by the 
input illumination yielded an efficiency of 46%. 
Collection Efficiency of the Integrating Bar 
Not all of the radiation leaving the print lamp 
aperture falls within the opening of the integrating bar 
as shown by Figure 20. 
Print Lamp 
Circle Area 
of Lamp 
Output = 7 
-J'- --- ---
Integrating Bar 
. 2 . 12 / Opening = in_/ 
Int,egrating 
Bar 
Ratio of Areas = 2/7 = .29 
Fig. 20. Integrating bar geometry 
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This condition affects the radiation that passes 
directly out of the vertex, indicating that only 29% falls 
into the integrating bar. The radiation that is reflected 
off the cold mirror is not affected as it is focused into 
the integrating bar opening. 
CHAPTER IV 
DESIGN 
Power Balance Check 
The lamphouse power balance described b y equation 
(1) in Chapter I can be completed now. The e l ectric power 
as measured in Chapter III totals 451 watts. S ubst itu t ing 
the 38 ft 3 /min flow rate from equation ( 12 ) a n d a n air 
temperature rise from 78 F to 106 F from table 3 e q ua tion 
(2) yields 332 watts as the POUT (Internal Coo ling Air). 
The power loss at the print diffuser can a l so now be 
determined using equation (3) and measuremen t s made in 
Chapter III. The diffuser width is 1.75 inches and length 
is 1.37 inches. The diffuser surface was 1 9 2 F and the 
cooling air stream temperature was 78 F as s h o wn in table 
3. The air stream velocity was 1200 ft/m i n . These mea-
surements when substituted into equa t ion (3) yielded 5.1 
watts as the POUT (Diffuser Cooling Ai r ) . The radiation 
loss through the print l amp 
irradiance of 3.059x10 5 µw7 cm2 
diffu ser is equal to the 
times the diffuser area which 
dete rm i ned in Chapter I II 
i s 2. 4 in2 or 15.5 cm2 . 
This yields 4. 7 watts as the POUT (Print Lamp Radiatio n 
Through Diffuser). The radiation loss through the s c an 
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lamp diffuser is equal to the irradiance of l.423x10 5 µw/ 
cm
2 determined in Chapter III times the scan diffuser area 
of 4 in2 or 25.8 2 cm . This yields 3.7 watts as the POUT 
(Scan Lamp Radiation Through Diffuser). The power loss 
from the lamphouse surface in the form of heat radiation 
is determined by equation (4). Substituting A= 7.8 ft 2 , 
e = .9 (Emissivity for a painted surface), THS = 99 F and 
TST = 76 F from chapter III, Equation (4) yields 53 watts 
as the POUT (Housing Surface Radiation). Equations (5)> 
( 6) and ( 7) are used to determine the convection heat 
losses from the 
5.03 ft 2 , 
lamphouse surface. 
TST = 76 F, 
Substituting 
Ah= 1.38 ft 2 , 
A = v 
L = 
v 
1.04 ft, 
THS = 99 F, 
Lh = 1.24 ft the equations yi~ld 27 watts as the 
POUT (Housing Surface Convection). 
totals are shown in Table 8. 
TABLE 8 
Power Balance 
Power In 
451 w 
Total 451 w 
The input and output 
Power Out 
53.0 w 
332.0 w 
5.1 w 
4. 7 w 
3. 7 w 
27.0 w 
426 w 
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The power out total of 426 W is 95% of the measured 
45l W input. This indicates that the power balance ac-
counts well for the losses from the lamphouse. It should 
be noted that if the change in the temperature rise of the 
forced cooling air was 30 F instead of 28 F as measured, 
this would account for the lost 25 watts. 
As noted in Chapter II by Equation (8) the output 
of the scan lamp diffuser can be calculated knowing the 
scan lamp power and the transmittance of the glass filter 
and the diffuser. Substituting PSL = 103W, TrGF = .89 and 
Tr50 = .43 from Chapter III into equation (8) yields 3.9 
watts which is very close to the 3. 7 watts determined by 
the spectral-scanning radiometer in Chapter III. 
In a similar fashion, the output of the print dif-
fuser can be calculated using Equations (9) and (10). 
Equation (10) gives the total amount of radiation that 
passes out through the print lamp aperture as a function 
of the print lamp power rating. This energy does not all 
fall with in the integrating bar as indicated in Chapter 
III. All of the reflected radiation does but only 29% of 
the direct radiation falls within the opening. Referring 
to Figures 12 and 13 the amount of output radiation that 
enters the integrating bar can be determined as follows: 
The percentage of visible to the integrating bar is 
to the sum 0£ the reflected and 29% of the direct. 
is shown by equation (14) : 
equal 
This 
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VR = 6l% + 0.29 ( 10%) = 64% (14) 
The percentage of the infrared can be simi larly found and 
is shown by equation (15): 
IRR = 4% + 0.29(10%) = 7% (15) 
The total radiation that falls into the integrating bar 
can be determined using equation (16). 
PIB = 0.10(0.64)(PL) + 0.90(0.07) (PL) (16) 
= 
Then Equation (9) can be rewritten as Equation (17) sub-
stituting Equation (16) in place of PRTACIB" 
POUT (Print Lamp Radiation) = 
through Diffuser 
Subs ti tu ting PL = 339W, TrIB = .46, 
(17) 
TrD = .23 into Equa-
tion (17) yields 4.6 watts which is very close co the 4.7 
. 
watts measured by the spectral-scanning radiometer in 
Chapter III. 
Equation ( 11 ) described the amount of radiation 
that passes through the print lamp cold mirror as a func~ 
tion of print: lamp power. Substituting PL = 339 W into 
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equation ( 11) yields 226 wat t s. this energy is thermal 
and must be removed by the coo ling air that is directed 
through the cooling chamber between the cold mirror and 
the heat deflector. The cooling air flow rate through 
this area was measured as 33 ft 3/min in Chapter III as was 
an air temperature increase of 78F to lOOF. The heat 
absorbed by this air is described by Equation ( 18) (Jen-
nings 1970). 
POUT (Forced Cooling Over ) = ~ Cp(Tout-Tin ) 
Cold Mirror a (18) 
Substituting the flow rate of 33 ft 3/min, Tin =78 F, 
Tout = 100 F into Equation (18) yields 227 watts which is 
extremely close to the amount determined by Equation (11). 
This indicates that all of the thermal energy that passes 
through the cold mirror is absorbed into the cooling air 
stream. 
Cooling Equations 
The following steps are to be used to estimate the 
cooling required for a new lamphouse design. It is 
assumed that the basic spatial re lationships between the 
internal components would stay the same and that similar 
cooling techniques would be used . This model allows as 
v ariab l es the print-lamp and scan- lamp power inputs, 
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transmittance of the diffusers, glass filters and inte-
grating bar, and cooling air flow rates. The power input 
to the shutter solenoids can also be varied, but the model 
response to these inputs is not as sensitive. The geo-
metric relationship between the print lamp ellipsoid, cold 
mirror and integrating bar has also been kept constant. 
This has been done in this case for simplicity reasons but 
the analysis presented in Chapter II is complete enough to 
allow these to be also changed. The input and exhaust 
cooling air temperatures have been selected at 76 F and 
106 F, as this was a satisfactory operating range in the 
current design. The exhaust temperature of 106 F is low 
enough to not be dangerous to people or materials. The 
lamphouse housing surface temperature will approach the 
exhaust-air temperature as a resul.t of its low thermal 
inertia. This temperature can then be used to determine 
the lamphouse surface heat losses due to convection and 
radiation. As a check on the approach the lamphouse power 
balance described by Equation (1) will be applied as a 
final step. 
Step 1 
Select the power needed at the output of the print 
diffuser to accomplish the printing and determine the wat-
tage of the halogen-cycle print lamp by solving Equation 
(17) for PL. Equation (19) shows this relationship 
Step 2 
PRTPD p = L 0.127Tr1 BTrD 
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(19) 
Select the power needed at the output o f the scan 
diffuser to accomplish the scanning and determine the hal-
ogen cycle scan lamp wattage by solving Equation ( 8) for 
Equation (20) shows this relationship. 
(20) 
Step 3 
Select the power required to operate the print-lamp 
and scan-lamp shutter solenoids. 
Step 4 
Determine the total cooling air flow rate required 
by examining the flow rate required to remove the power 
that passes from the print lamp through the cold mirror. 
As was determined previously, 33 ft 3 /min ( 87%) of che 
total 38 ft 3 /min cooling air was used to remove 227 Natts 
( 67%) of the total 339 watts from the print: lamp. The 
print lamp is the primary source of the cooling-air tem-
perature increase and can be used to estimate the required 
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flow rate given a lamp size and allowable temperature 
increase. Equation (21) was derived from Equation (2) and 
then solved for the flow rate as shown. 
POUT (Internal Cooling Air) 
Substitution yields: 
= m Cp(TOUT-TIN ) 
a 
POUT (Internal Cooling Air) = QTpCp(TOUT-TIN) 
(2) 
But as mentioned 87% of QT removed 65% of the print lamp 
power. This yields 
0.65 PL = 0.87 QTpCp(TOUT-TIN) 
Solving for QT yields equation (21): 
= 
where TOUT = 
TIN = 
0.65 PL 
0.87pCp(TOUT-TIN ) 
Output temperature of radiation 
chamber = 100 F 
Input temperature to radiation 
chamber = 78 F 
(21) 
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Step 5 
Use Equation ( 4) from Chap te r II t.o determine the 
housing surface radiation l osses. 
Pout (Housing Surface Radiation ) (4) 
where = Housing Surfac e T e mpera ture = 106 F 
= Surrounding temperatu r e = 76 F 
The actual housing temperature will be somewhat less than 
106 F (which is the exhaust air temperatu r e) b u t the dif -
ference will be insignificant. 
Step 6 
Use Equation (5) from Chapter I I to calculate the 
housing surface connection losses. As was demons t rated in 
Chapter II a separate heat transfer coe fficient must be 
determined for the vertical and hori .zonta l surfaces. 
POUT (Housing Surface Convection ) 
(5) 
where = Housing sur fa ce temperature = 106 F 
= Surrounding temp erature = 76 F 
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Step 7 
Use Equation (3) from Chapter II to determine the 
forced air cooling of the print diffuser. 
POUT (Diffuser Cooling Air) = 
1/2 1/3 0.664 K Rel Pr b(TD-TDCA) 
( 3) 
where = TD 
TDCA = 
Diffuser surface temperature = 192 F 
Cooling air temperatures = 76 F 
Use the surface temperature and air velocities used 
in the original analysis as the total power loss from this 
area is small and large changes in the original values 
will not yield significant differences. 
Step 8 
As a final step of the approach, subs ti cute the 
selected and calculated values into the lamphouse power 
balance equation (1) from Chapter II. 
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PIN (Electric Power) = 
POUT (Internal Cooling Air) 
+ POUT (Diffuser Cooling Air) 
+ POUT (Print Lamp Radiation Through Diffuser ) 
+ POUT (Scan Lamp Radiation Through Diffuser ) 
+ POUT (Housing Surf ace Radiation) 
+ POUT (Housing Surface Convection) 
where PIN (Electric Pow~r) = Step 1 (Print Lamp Power ) 
+ Step 2 (Scan Lamp Power) 
+ Step 3 (Solenoid Power ) 
where POUT (Internal Cooling Air) is determined using 
Equation (2) from Chapter II and the total air flow rate 
calculate in Step 4 of this chapter. 
(1) 
POUT (Internal Cooling Air) = QTpCp (TOUT - TIN) ( 2) 
where = 
TOUT = 
TIN = 
Total Air Flow determined in Step 4 
Cooling air output temperature = 106 F 
Cooling air input temperature = 76 F 
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POUT (Diffuser Cooling Air) = Step 7 
POUT (Print Lamp Radiation Through Diffuser) 
= Selected in Step 1 
POUT (Scan Lamp Radiation Through Diffuser) 
= Selected in Step 2 
POUT (Housing Radiation) ~ Step 5 
POUT (Housing Convection) = Step 6 
The input power sum should be checked against the 
output power sum. If a significant discrepancy is found 
the individual steps should be checked for an error. 
CfL.A.PTER V 
CONCLUSIONS AND RECOMMENDATIONS 
The cooling equation developed in Chapter IV allow 
the designer to accurately predict the cooling needs of a 
new lamphouse design or the added cooling requirements 
that may come from a redesign. In the past this activity 
has been largely accomplished by the inefficient method of 
trial and error. The utilization of the equations will 
also give the designer an awareness of the cooling to be 
gained through methods not previously considered such as 
housing surface radiation and convection. In addition the 
designer will become more aware of how individual internal 
components affect the total cooling needs. The collection 
efficiency of the print lamp ellipsoid determines the 
energy available for printing because efficiency of the 
cold mirror determines how well the visible and infrared 
radiation are separated. A cold mirror of higher effi-
ciency would allow more infrared to pass directly into the 
forced air cooling chamber. The collection a~d transmit-
tance inefficiency of the integrating bar as well as the 
transmittance inefficiency of the diffuser severely reduce 
the visible radiatiou output of the print lamp before ic 
reaches the negative. An increase in efficiency of these 
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components could substantially lower the print lamp power 
needed and accordingly lower the cooling needed. The same 
gains could be realized with the scan lamp. The utiliza-
tion of these equations into the total lamphouse design 
will allow for accurate determination of cooling require-
ments as well as provide information for intelligent 
selection of internal components. 
The format of the cooling equations allow for easy 
conversion into computer code such as Fortran or Basic. 
· The equations once entered into a computer would provide a 
responsive cooling model of a lamphouse. The designer 
could select and enter as many parameters as he chooses, 
examine the results and quickly realize the affects of 
each parameter. The computer output would specify the 
total input power required, the individual cooling fluxes 
as well the total cooling air flow rate needed. 
The primary cooling of the lamphouse under study is 
from the forced cooling air. As shown in Chapter IV of 
the total heat generated within the lamphouse 74% is re-
moved by this cooling air and 68% of this is collected 
from the print l amp in the cooling chamber between the 
cold mirror and the heat deflector. The forced air is 
very effective in cooling as 
ents are spatially arranged 
making other forms of heat 
the heat generating compon-
ins ide the lamphouse thus 
collectLon difficult. _he 
circulating cooling air also maintains the housing at a 
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constant temperature eliminating potentially dangerous hot 
spots. This heat transfer to the housing also allows for 
the surface cooling as described in Chapter IV . 
The one area in the lamphouse that does have con-
centrated thermal energy is the cooling chamber over the 
print lamp cold mirror. As described before , the infrared 
radiation is focused onto the heat deflector and is car-
ried away by cooling air. This heat deflector could be 
replaced by a thermoelectric cooling device mounted in its 
place which would allow for a substantial reduction in che 
cooling air flow rate. The reliabi l ity and cost advan-
tage, if any, of an approach such as this would have to be 
determined by the designer. 
70 
REFERENCES 
Goll, E. "Modern Exposure Determination fo r Customizing 
Photofinishing Pri.nter Response." Journal of ~­
plied Photographic Engineering 5(2)(1979):93-104. 
Goodwin, R. "Color Printer Quality and 
Improvements.,., Journal of Applied 
Engineering 5(1)(1979):40-44. 
Jennings, B.H. Environmental Engineering 
Practice. Scranton, Pennsylvania: 
Textbook Company, 1970. 
Productivity 
Photographic 
Analysis and 
International 
Kreith, F. Principles of Heat Transfer. 
sylvania: International Textbook 
Scranton, 
Company, 
Penn-
1969. 
Orr, W ~ "High Speed Pr in ting The Gretag Approach." 
Journal of Applied J?hotographic Engineering 
5(1)(1979):56-59. 
Siegel, R., and Howell, J .. R. Thermal Radiation Heat Trans -
fer. New York: McGraw-Hill Company, 1972. 
